Rosmarinic acid (α-O-caffeoyl-3,4-dihydroxyphenylacetic acid, RA) is a caffeoyl ester widely distributed in plants. cDNA clones encoding tyrosine aminotransferase (TAT1 and 2) and hydroxyphenylpyruvate reductase (HPPR) have been isolated from Scutellaria baicalensis. The open reading frames (ORFs) of SbTAT1 and 2 were 1230 and 1272 bp long and encoded 409 and 423 amino acid residues, respectively. HPPR corresponded to a 942-bp ORF and 313 amino acid residues of translated protein. To study the molecular mechanisms of TAT and HPPR and investigate RA accumulation in S. baicalensis, we examined the transcript levels of TAT isoforms and HPPR with quantitative real-time PCR and analyzed the RA content in different organs by using highperformance liquid chromatography. The transcript levels of SbTAT1 SbTAT2, and SbHPPR in the flowers were higher than those in other organs. RA was also highly accumulated in the flowers and with a trace amount in the roots. No RA was detected in the leaves and stems of S. baicalensis. The amount of accumulated RA in the flowers was 28.7 times higher than that in the roots. Our results will be helpful in elucidating the mechanisms of RA biosynthesis in S. baicalensis.
Scutellaria species (Lamiaceae), known as skullcaps, have been widely used in the traditional medicines of China, India, Korea, Japan, European countries, and North America. Baical skullcap (S. baicalensis) has been the most extensively used and has often been confused with other species such as S. amoena, S. hypericifolia, S. tenax, S. rehderiana, and S. viscidula [1] . Joshee and his colleagues [2] reported that skullcap is a powerful medicinal herb having antiinflammatory, abortifacient, antispasmodic, slightly astringent, emmenagogue, febrifuge, nervine, sedative, and strong tonic properties.
Rosmarinic acid (RA, α-O-caffeoyl-3, 4dihydroxyphenylacetic acid) is a well-known hydroxycinnamic acid ester found across a wide range of plant families, from Boraginaceae to Lamiaceae [3] . It was reported that RA has antioxidative [4] , anti-inflammatory [5] , and anti-allergic [6] activities in mammalian systems. For this reason, RA can be used as a medicine, a putative cancer-protective compound in food [7] , and potential preservative in foods and cosmetics [8] . The RA biosynthetic pathway has been proposed to involve both the phenylpropanoid and a tyrosine-derived pathways (Figure 1 1) [3] . L-Phenylalanine is converted to 4-coumaroyl-coenzymeA by phenylalanine ammonia-lyase (PAL), cinnamic acid 4-hydroxylase (C4H), and hydroxycinnamic acid:coenzyme A ligase (4CL) [9, 10] , whereas L-tyrosine is transaminated by tyrosine aminotransferase (TAT) to 4-hydroxyphenylpyruvate [11] , which is then reduced by hydroxyphenylpyruvate reductase (HPPR) to 4-hydroxyphenyllactate [12] [13] [14] .
TAT catalyzes the transamination of L-tyrosine and α-ketoglutarate yielding 4-hydroxyphenylpyruvate and L-glutamate [15] . HPPR is the first enzyme of the RA biosynthesis and its substrate 4hydroxyphenylpyruvate is a precursor of both RA and homogentisic acid [16, 17] . HPPR has been characterized from suspension cultures of Coleus blumei [13] . Mizukami and Ellis [18] reported that TAT is positively correlated with RA biosynthesis in activity tests of Anchusa officinalis cell suspension cultures. Moreover, PAL and HPPR activity in methyl jasmonate (MeJA)-treated Lithospermum erythrorhizon cell suspension cultures showed correlation with RA accumulation [19] . Although the biochemical and structural characterization of HPPR [12] [13] [14] 20] and TAT [18, 19, 21, 22] are well established, these have not been reported in S. baicalensis. Therefore, here, in order to gain information on the impact of the transcript levels of the genes involved in RA biosynthesis and to determine the RA content of different organs, we isolated and characterized two full-length cDNA sequences encoding TAT and HPPR from S. baicalensis.
Full-length SbTAT1 and SbTAT2 were 1674 and 1718 bp long and contained 1230-and 1272-bp, respectively, open reading frames (ORFs) encoding proteins of 409 and 423 amino acids, respectively. The predicted MW and pI of SbTAT1 and SbTAT2 were 44.81 kDa (6.02) and 46.38 kDa (5.16), respectively (GenBank Accession No. KF926689 and KF926690, respectively). A 1280-bp full-length cDNA of SbHPPR (GenBank Accession No. KC834747) with a 942-bp ORF encoding a protein of 313 amino acids (MW of 34.27 kDa; pI value of 5.72) was isolated. From the BLAST analysis of the deduced amino acid sequence of TAT, SbTAT1 showed the greatest homology with Solenostemon scutellarioides (79% identity, 90% similarity), Perilla frutescens (79% identity, 90% similarity), Solanum pennellii (77% identity, 88% similarity), and Salvia miltiorrhiza (78% identity, 90% similarity), whereas SbTAT2 shared homology with Theobroma cacao (71% identity, 84% similarity), Solanum pennellii (71% identity, 83% similarity), Solanum lycopersicum (70% identity, 83% similarity), and Vitis vinifera (70% identity, 82% similarity) (Supplementary Figure S1 ).
SbTATs contained an aminotransferases family-I pyridoxalphosphate attachment site (SLSKrwLVpGWRLG) and included the highly conserved residue for the binding of these enzymes' substrates, Arg385 [23] . This result pointed out that SbTATs might have similar functions and biological activity with other plants TAT. Huang et al. [23] described Salvia miltiorrhiza TAT proteins function as homodimers and that two monomers formed a symmetrical dimer in the predicted three-dimensional structure. SbHPPR shared homology with Salvia officinalis HPPR (88% identity, 94% similarity), S. miltiorrhiza HPPR (87% identity, 95% similarity), P. frutescens HPPR (90% identity, 95% similarity), and S. scutellarioides HPPR (88% identity, 94% similarity) (Supplementary Figure S2 ). SbHPPR contained 19 conserved amino acid residues, similar to that from C. blumei [20] and S. miliorrhiza. [23] .
The transcriptions of three different RA biosynthesis genes (SbTAT1, SbTAT2, and SbHPPR) were monitored to investigate the variation of the transcript level in different organs of S. baicalensis ( Figure 2 ). The transcript levels in different organs showed dissimilar patterns. Among the different organs, the transcriptions of SbTAT1 and SbHPPR in the flowers were higher than those in other organs. The transcript levels of SbTAT1 were 52.5 and 10.4 times higher in the flowers than those in leaves and roots, respectively. The transcription of SbTAT1 and SbTAT2 was not observed in the stems. Flowers and leaves showed almost similar transcription of SbTAT2. Flowers and leaves expressed 5 times higher level of SbTAT2 than that of the roots. The transcription of SbHPPR was expressed in all organs, i.e., flowers, leaves, stems, and roots. Similar to SbTAT1, the transcription of SbHPPR was the highest in the flowers. The transcript level of SbHPPR was 6.6, 3.5, and 3.2 times higher in the flowers than in roots, stems, and leaves, respectively.
The accumulation of RA in the different organs of S. baicalensis was analyzed by HPLC ( Figure 3 ). RA was highly accumulated in the flowers and a small amount was detected in the roots. No RA was detected in the leaves and stems. In the flowers, the amount of accumulated RA was 7.72 mg/g dry weight, which was 28.7 times higher than that accumulated in the roots. Although many studies on the pharmacological and biological activities of the flavones (e.g., wogonin, baicalein, baicalin) contained in S. baicalensis have been published, there are no reports on the molecular characterization of the genes involved in RA biosynthesis. Studies on the expression levels of genes encoding enzymes associated with RA biosynthesis have been carried out on several plants [24] [25] [26] .
In our study, SbTAT1 showed the greatest homology with TAT of other species, including S. scutellarioides, P. frutescens, Solanum pennellii, and S. miltiorrhiza, whereas SbTAT2 shared homology with TAT of T. cacao, Solanum pennellii, S. lycopersicum, and V. vinifera, and SbHPPR shared homology with HPPR of different species (i.e., Salvia officinalis, S. miltiorrhiza, P. frutescens, and S. scutellarioides). SbTATs might have the same biological catalytic function of SmTAT and SsTAT [23] . Huang et al. [23] reported that TAT proteins function as homodimers and, in the predicted threedimensional structure of SmTAT, two monomers formed a symmetrical dimer. It should be noted that the major role of plant secondary metabolites is to protect plants from attacks by insects, herbivores, and pathogens, and to help plants survive other biotic and abiotic stresses; therefore, strategies have been developed to improve the yield of such plant secondary metabolites.
Sandorf and Hollander-Czytko [27] reported that jasmonic acid (JA) played an important role in the induction of TAT and the biosynthesis of tocopherols upon environmental stress. Previously, semi quantitative real time-PCR (qRT-PCR) analysis in S. miltiorrhiza revealed that the constitutive expression of SmTAT in the stems was much higher than that in the root and leaf [23] . Huang et al. [23] suggested that the expression levels and amount of RA may vary according to species. Additionally, it was pointed out that TAT is an important enzyme in the tyrosine-derived pathway and leads to the biosynthesis of plastoquinone and tocopherols from homogentisic acid [28, 29] .
In this study, we monitored the transcript levels of three different RA biosynthesis genes (SbTAT1, SbTAT2, and SbHPPR) in different organs of S. baicalensis. Our results showed that all genes were highly expressed in the flowers. RA was highly accumulated in the flowers and a small amount was detected in the roots, whereas no RA was detected in either the leaves or stems of S. baicalensis. Therefore, we suggest that the transcription of SbTAT1, SbTAT2, and SbHPPR genes is correlated with the Mechanisms of rosmarinic acid biosynthesis in Scutellaria baicalensis Natural Product Communications Vol. 9 (9) 2014 1313 
Experimental
Plant materials: S. baicalensis plants were grown under greenhouse conditions for 1 month and then transferred to the experimental farm at Chungnam National University (Daejeon, Korea) in May 2012. Each organ (flowers, stems, leaves, and roots) was harvested for 2 weeks after flowering. All samples were immediately frozen in liquid nitrogen upon collection and stored at −80°C prior to RNA isolation and HPLC.
Total RNA isolation and qRT-PCR:
The samples were ground in a mortar with liquid nitrogen and total RNA was isolated from frozen S. baicalensis organs using the easy-BLUE TM Total RNA Extraction Kit (iNtRON Biotechnology, USA) according to the manufacturer's instructions. RNA quantity and quality were determined by using a NanoVue Plus Spectrophotometer (GE Health Care Life Sciences, USA) and assessed by running 1 µg of total RNA on 1.2% formaldehyde RNA agarose gel. For first-strand cDNA synthesis, 1 μg of high-quality total RNA was reverse transcribed using the ReverTra Ace-α-(Toyobo, Osaka, Japan) Kit and oligo (dT) 20 primer according to the manufacturer's protocol. The synthesized cDNA was used as the template for qRT-PCR. QRT-PCR was performed in a 20-µL reaction volume in the presence of each primer (0.5 µM) and 2× SYBR Green real-time PCR master mix (Toyobo, Osaka, Japan). Cycling conditions were as follows: 1 cycle at 95°C for 3 min followed by 40 cycles at 95°C for 15 s, 72°C for 20 s, and annealing at 55°C. QRT-PCR was performed in triplicate on a CFX96 Real-Time PCR System (Bio-Rad; Hercules, CA, USA). The actin gene (GenBank Accession No. HQ847728) was used as the internal reference to standardize the cDNA template concentration.
Isolation of the cDNAs encoding TAT and HPPR:
Putative fulllength cDNAs encoding TAT and HPPR were obtained from S. baicalensis by using a next-generation sequencing (NGS) platform (Roche/454 GS_FLX+ and Illumina/Solexa HiSeq2000) (unpublished data). The amplified products were purified and cloned into the T-blunt vector (SolGent, Daejeon, Korea) and sequenced. The full-length TAT and HPPR sequences were analyzed for homologies with known sequences. The deduced amino acid sequences of SbTAT and SbHPPR were aligned using the BioEdit Sequence Alignment Editor, version 5.0.9 (Department of Microbiology, North Carolina State University, Raleigh, NC, USA). Theoretical molecular weights (MW) and isoelectric points (pI) were calculated using the Compute pI/Mw tool (http://ca.expasy.org/tools/pi_tool.html).
HPLC analysis of RA:
RA content was analyzed according to the method described by Kim et al. [24] . The harvested organs (flowers, stems, leaves, and roots) were freeze-dried for 48 h and ground into fine powders using a mortar and pestle. Samples (100 mg dry weight) were extracted by sonication in 80% methanol for 1 h at 25C. After centrifugation at 1000 × g for 5 min, the supernatants were filtered and reduced to dryness under vacuum, and dissolved in 1 mL of methanol. The final extracts were filtered through a 0.45-μm PTFE syringe filter (Advantec DISMIC-13HP, Toyo Roshi Kaisha, Ltd., Tokyo, Japan) for HPLC analysis. The extracts were analyzed by HPLC on a C 18 reverse-phase column (4.6 × 250 mm; Ultrasphere, Beckman-Coulter) at room temperature. The solvent gradient used in this study started with an initial proportion of 70% solvent A (3% acetic acid in water) and 30% solvent B (methanol). After 50 min, the solvent gradient reached 100% solvent B. The flow rate of the solvent was maintained constant at 1.0 mL/min and the samples (20 L) were detected at 280 nm. RA was identified by matching the retention time and spectral characteristics to those from a single HPLC run of a known RA standard (Sigma-Aldrich, CA, USA, purity 96%). Determinations were performed after 3 separate extractions of each sample and each extract was analyzed in biological repeats (n = 3).
